Abstract: Nanoporous Fe3O4 magnetic microspheres have been successfully synthesized by the way of microwave heating. The experimental process is expeditious, simple and environmentally friendly. The obtained sample is characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM), Brunauer-Emmett-Teller analysis (BET), Fourier transform infrared (FT-IR), high-resolution transmission electron microscopy (HRTEM) and magnetic measurements. The average size of Fe3O4 microspheres is ~100nm and shows well-dispersed quality in aqueous solution. More importantly, the microspheres possess both nanoporous structure and superparamagnetic behaviour, which endow them powerful application potentials in chemical, biological/biomedical, physical and environmental engineering fields, for example, catalyst or drug carrier, absorption, separation and contrast agents, etc.
INTRODUCTION
The synthesis of functional inorganic nanomaterials has made great progress in recent years [1] . There are two basic reasons for this: one is the advancement of new strategies/methods [2] ; the other is development of novel instruments/equipment. Of all the approaches, solvothermal/hydrothermal synthesis [3] is undoubtedly a successful paradigm. Since it depends on thermal conduction to drive chemical reactions, there inevitably exist several disadvantages, for example, slow reaction rate, prolonged reaction time, heating inhomogeneity and excessive energy consumption. Exploring the favourable methods that minimize the energy required and maximize the yields obtained for materials synthesis is indispensable in a resource-conserving and environment-friendly society.
Microwave dielectric heating, as an emerging processing technology (which is recommended strongly by American Chemical Society), is attracting more and more attention. Due to the reduced reaction time significantly, increasing yield of products, high selectivity and safety as compared to conventional heating methods, it has been widely employed in the fields of organic synthesis, for example, drug intermediates and fine chemicals. As a promising heating mode, it is rapidly permeating to the realm of inorganic nanomaterials synthesis. Many exciting results via microwaveassisted synthesis in organic chemistry have been reported recently, including luminescent QDs (CdTe [4] , CdSe/ZnS [5] , CdTe/CdS/ZnS [6] ), rod-shaped metal oxides (TiO 2 [7] and Co 3 O 4 [8] ), noble-metal nanocyrstals (Ag [9, 10] , Pt, Au and Pd [11] ), magnetic nanoparticles (Fe 3 O 4 [12] [13] [14] and FePt [15, 16] ), mananocomposites (Fe 3 O 4 /C [17] , polyacrylamide-metal sulphide [18] ) and nanoporous materials [19] , etc. Owing to the great application potentials in catalysis, adsorption, and separation, nanoporous magnetic microspheres have been of keen interest recently [20, 21] . Herein, we reported on an extension of solvothermal approach combined with microwave irradiation to the synthesis of nanoporous Fe 3 O 4 microspheres. The products revealed the single crystalline nature and monodispersed size distributions. In addition, they possessed high stability and superparamagnetic behaviour, showing rapid magnetic response under external magnetic field. 08 g ) was thoroughly dissolved in ethylene glycol (40 mL) in a roundbottomed flask at room temperature to form a clear yellow-brown solution. After the addition of NaAc (4.0 g) and polyethylene glycol (1.0 g), the mixture solution was stirred vigorously under the treatment of ultrasonic for 15 min. Subsequently, the reaction solution was partly loaded into a vitreous vessel with a volume of 10 mL. After heating at 200 C for 5 min under microwave irradiation (at 2.45 GHz, 200w), the resultant solution was carried out when the temperature was cooled to room temperature naturally. The black products were separated by centrifugation, and washed with purified water at least three times and absolute ethanol twice, respectively. Finally, the obtained solid products were dried in a vacuum at 60 C for next characterization. X-ray powder diffraction (XRD) patterns were recorded with a Siemens D-500 Diffractometer (using CuK =1.5406 Å) for a 2-range of 20 C-80 C at an angular resolution of 0.02 . The transmission electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM)micrographs were taken with a Philips CM20 TEM operating at 100 KV and with a JEM 100-CXII (JEOL, Japan) at 100 KV. BET surface areas and porosities were determined by nitrogen adsorption and desorption with a Micrometritics ASAP2010 analyzer. Fourier transform infrared spectrum (FTIR) was obtained from a Bruker Vector-22 FT-IR spectrometer. Magnetic measurements were carried out using a Quantum Design SQUID magnetometer at 300K.
RESULTS AND DISCUSSION
Microwave heating was accepted and used in family kitchen in the early 1940s. However, to date, the mechanisms for microwave synthesis enhancement (1-2 orders of magnitude compared to conventional hydrothermal synthesis) are poorly understood owning to the complexity of variables in different systems. Several proposals are put forward to explain the phenomenon. However, no single explanation is satisfied. It's a basic fact that microwave irradiation can enhance reaction rates of nanoparticle synthesis [22] and form relatively uniform sizes distribution to nanomaterials due to the homogeneous heating in reaction system. Powder X-ray diffraction was used to determine the crystalline structures and phase purity. Fig. (1) shows the XRD patterns of the as-obtained macrospheres in a short time, which can be easily indexed to Fe 3 O 4 (JCPDS No. 19-0629). The sharp, strong peaks confirmed that the products were well crystallized. It's interesting to mention that Zhu et al. [12] synthesized the same crystalline type Fe 3 O 4 polyhedral nanoparticles in mixed solvent ethylene glycolwater system by microwave heating. They pointed out that the ratio of water and ethylene glycol-water had a significant impact on the sizes of Fe 3 O 4 nanoparticles. It's also confirmed by us that only ethylene glycol as solvent, increasing the microwave powder or prolonging the reaction time, the microsphere size and magnetic quality are not markedly changed. However, in traditional solvothermal method, the ferrite microspheres are gradually becoming larger with prolonged time [23] . Fig. (2) is the TEM images of the sample, which shows that the microsphere powders have a mean diameter of about 100 nm (Fig.  2a) with narrow size distribution and consist of some small primary nanoparticles with the diameter of -2nm (Fig. 2b) . There are lots of voids available among small particles through the observation in the dark/light contrast area by naked eyes as well as the representative nitrogen adsorption-desorption isotherms of Fe 3 O 4 (Fig. 3) . The resulting samples have a surface area 35.2 m 2 g -1 . The inset shows the corresponding pore size distribution (-2nm) which is consistent with direct observation of TEM. These nanosized pores are randomly connected. Magnetic studies of macrospheres were carried on a superconducting quantum interface device (SQUID) magnetometer. Fig. (5) shows the field-dependent magnetization at 300 K. The magnetization curve does not show hysteresis, which suggests a typical superparamagnetic behaviour. Its saturation magnetization is almost 63.0 emu·g -1 , which is smaller than that of bulk Fe 3 O 4 . The reason is attributed to the effects of surfactants (PEG-20000) and crystalline size. The adsorption of PEG-20000 on second particles was confirmed by FPIR spectra (Fig. 6) . The appearance of 1054 and 2972 cm -1 band was assigned to the stretching of ether groups and the characteristic absorptions of alkyl (R-CH 2 ) stretching modes. Hydroxyl group contribution was observed at 3450 cm -1 .
In order to examine the stability of products, 20 mg of asprepared microspheres were dispersed in 80 mL of deionized water by sonication and measured the time. After a period of time, the particles could redisperse in water easily with shaking, indicating a good stereochemical stability. Therefore, with appropriate surface modifications, it could be characterized as a potential material for a list of biological applications.
In light of the above results, we proposed a possible mechanism to interpret the bottom up formation of Fe 3 O 4 nanoporous microspheres under the microwave field. Firstly, when microwave rapidly heats, it tends to produce an even temperature in the system. The high boiling point agent-ethylene glycol acting as both a solvent and a reductant, plays a key role in the process of crystal nucleus. On one hand, the Fe 3+ is reduced by ethylene glycol to form Fe 3 O 4 nuclei with the aid of NaAc simultaneously. On the other hand, ethylene glycol as an excellent "heat dissipating agent" (EG has a higher dissipation factor than water), will provide a uniform environment for the nucleation, in which facilitate the reduction reaction while promoting the homogeneous distributions of the nuclei. Secondly, once the nuclei are generated with a high density, the residual Fe sources are used only for the growth of these nuclei that form crystals. These crystals are surrounded by PEG-20000 which prevents them from growing larger particles further. However, due to magnetic spinel effect, these small particles are prone to agglomeration with each other. Lastly, the polymer in the outer surface of nanoparticles including -OH groups tends to form M-O-M bonds within the resultant magnetite microspheres, leaving nanosized space among particles as seen in Fig. (2b) . As a result, many PEG-encapulated small particles assembled into bigger macrospheres. The monodisperse and hydrophilic characters of resulting products also verify the existence of PEG-20000. Therefore, we deduced that PEG herein also plays both a glue and surfactants role. Although microwave synthesis affords us a high efficient and selective ways for the synthesis of different inorganic nanomaterials, it is still in an infant stage of development, many detailed formation mechanisms need to be further investigated. Different laboratories may claim different results to similar materials due to the discrepancies, for example temperature, reaction time and microwave power etc. [19] . During our experiment, we also found that a list of factors, for example, the kinds of solvent, the amounts of surfactants and heating temperature have certain effects to sizes (including pores) and morphology of particles, even magnetic performances. Related works are under investigation and results thereof will be reported in the near future. In addition, Noteworthy is the strategy reported here may be extended to synthesize other spinel ferrites (MeFe 2 O 4 ; M=Mn, Zn, or Co) and metal oxidants.
CONCLUSIONS
In summary, we prepared nanoporous Fe 3 O 4 microspheres combined with solvothermal synthesis and microwave volumetric heating methods. Compared with conventional thermal techniques, several advantages are prominent: the synthesis routes are highly efficient and simple, undergoing shorter time; the processes are environmentally friendly, requiring less energy; the resulting products show high yields and qualities, paving the way of large-scale industrial production. We believe that these hydrophilic, welldispersed, superparamagnetic and nanoporous macrospheres may be an ideal candidate for biosensors, catalysts, nanomaterial selfassembly [24] , drug/gene carriers [25] and the other ever-expanding nanotechnology [26] and biology applications.
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